The pack aluminization process is extensively used to form protective coatings on superalloy components of aircraft gas turbines.
In this process the metal to be coated is placed in a powder mixture consisting essentially of Al, a halide activator such as NaF, and an inert filler material such as Al 203' Other metals such as Ni, Cr, Si, Ti are sometimes added (1, 2) to control the Al activity or otherwise influence the properties of the coating. During aluminization, Al is transferred from the pack to the specimen surface in the form of aluminum halides. These compounds decompose at the surface to release Al which diffuses into the metal, creating the Al-rich coating. The aluminization process thus involves three steps: 1) gaseous diffusion, 2) surface reaction and 3) solid diffusion. Of these three it is assumed that the surface reaction step is rapid and the kinetics of the process is governed by a combination of gaseous diffusion in the pack and solid state diffusion in the coating. The gaseous diffusion step was recently analyzed by Levine and Caves (3) . In the following a quantitative description of the kinetics of aluminization is given which takes diffusion in the solid as well as the gas phase into account.
Kinetics of Pack Aluminization
A. Gaseous Diffusion: Levine and Caves' (3) model which applies to packs containing unalloyed Al, assumes that aluminum is transferred from the pack to the coating surface by the diffusion of aluminum halides through an Al-free zone in the pack adjacent to the specimen surface.
In the body of the pack, the halide vapor pressures are taken as those in equilibrium with the bulk pack composition. The halide vapor pressures at the specimen surface, which is assumed to be at a constant Al activity, are determined by mass-balance and thermodynamic equilibrium conditions at this surface. Chemical reactions are assumed to occur rapidly enough at the pack-coating interface to allow the establishment of a local equilibrium.
As Al is transformed from the pack to the specimen surface it is assumed that the width of the depleted zone and consequently the diffusion distance for the halide vapor increases. This leads to a parabolic relationship between the weight of Al transferred W g , in gms./cm2 and time, t, in seconds,
in which E and t are correction factors for pack porosity and pore length, M is the atomic weight of Al, p is the pack Al concentration in gms/cm3, d is the diffusion distance in cm, A is the total area in cm 2 , and NA1
is the overall rate of diffusion of Al through the gas phase in moles/sec.
The instantaneous flow of Al through the gas phase is given by
where Di is the diffusivity, P i and Pi are the partial pressures of the i th Al-bearing species in the pack and at the coating surface, respectively, T is the temperature and R the gas constant. Hence the parabolic rate constant, Kg , is given by 
2 NaX (L) + Al -AlX2 (g) + 2Na(g)
3 NaX (¢) + Al -A1X3 (g) + 3Na(g) (6) NaX (t) -NaX (g) (7)
E P i = 1 atm.
For A1F3 or ammonium fluoride activators, the partial pressure of A1F3(g) equals the vapor pressure of A1F 3 (g) and is independent of the aluminum activity. The other partial pressures can be calculated from:
Similar calculations for Pi at the specimen surface must take into account certain kinetic considerations. The pack gases not only transport Al, but also halogen, hydrogen and sodium gas. For the NaX activators, Na(g) and halogen must be transported in equimolar proportions, so that they react and condense back into NaX(i) near the specimen surface.
Therefore, eq. (10) is modified to:
For A1F 3 , since its vapor pressure must be constant throughout the pack, a part of the Al that is carried by A1F and A1F 2 to the specimen surface is lost due to formation of A1F 3 (s), for example: 3AlF(g) -A1F 3 (s) + 2 Al.
This implies that the actual Al transfer equation should be: where Ks , the parabolic rate constant for diffusion in the solid, will depend upon the value of the surface composition. It is evident that in order for the composition at the surface of the coating to be time invariant, the K values must be identical, i.e., the surface composition must assume that value for which K s = Kg . This unknown value of surface composition can be predicted if K s , as well as Kg , can be calculated.
For complex superalloys, the necessary diffusivity and thermodynamic data are not yet available to carry out the calculation of K s . Sufficient data are available for the binary Ni-A1 system, however, to permit calculation of the Ks values for the aluminization of unalloyed Ni.
RFFRODU ICT. T ,ITY OF THE
The altmdnide coating on nickel will consist of single-phase intermetallic layers of progressively decreasing Al content, such as Ni2A13 , NiAl, Ni3A1 and the Ni(A1) terminal phase. The identity of the first layer is determined by the surface composition. The position of the interface between any two layers i and j is given by:
The free surface of the coating also moves outward parabolically with time, because Al is gained but Ni not lost in pack aluminization (6) .
The thickness of the layer j is:
The growth rates of the various layers, as well as of the coating as a whole are known if the constants p ij can be calculated. These depend on the interdiffusion coefficients and the composition parameters of the various phases.
The first step in calculating p ij is to set up material balance equations at the interfaces. Thus, the rate of movement of the ij interface is given by:
(C ij-cji) (dxij/dt) _ -Di(aci/ax)ij + Dj(acj/ax)ij (21a) cij and cji are the equilibrium compositions, in atom fraction, of the phases i and j, respectively, at the interface ij. For a surface composition cs , the material balance equation for the free coating surface i.e., the vapor-solid interface, s, is:
(1 -cs) (dxs/dt) = Dj (acj /ax) s (21b)
If the interdiffusion coefficients D i do not vary with composition, then analytical solutions are known (7, 8) for the composition profile in each phase, for instance the solution for the phase j is:
.(x,t) = C. With the help of these and eq. (19), all the derivatives in eq. (21a,b) can be replaced, and a system of n equations in n unknowns, pij , where n is the total number of phases in the coating, can be generated and solved.
This analytical scheme suffices in many practical cases of binary diffusion. In the Ni-A1 system, however, it has been found that while Thus, by the appropriate application of the analytical or numerical method the growth-rate constants pij or qj , and the composition profile across the coating ci.n be calculated, for any surface composition. The
Al intake of the nickel specimen, W s , and the rate constant K s are then obtained by integrating the profile.
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It will be noted.the activators ar-properly ordered by the theory.
Furthermore, there is good correspondence between the predicted and observed values of surface composition. This is felt to be a strong confirmation of the basic validity of the proposed model. COATING TIME (Hours)
